We demonstrate that the apparent length of a thin white arc on a black disk, rotating concentrically at 2.5 rps, varies with angular length and exposure duration. While short arcs (9-18°) gradually expand, long arcs (36-72°) first undergo a brief contraction, before they also expand. On average, perceived elongation asymptotes after 15 s equivalent to visual persistencies ranging from 68 to 170 ms. Using bi-and tri-colored arcs, we find that the apparent increase in length derives from the rear end of the rotating stimulus, while the initial shrinkage derives from contraction of the middle. After 15 s of adaptation, perceived length of the arc decays to actual stimulus length within an average of 6 s and, upon re-exposure of the arc, reaches its former value after only 5 s (priming). When the rotating arc is presented first to one eye and then to the other, apparent elongation transfers partially (46%), suggesting a contribution by the binocular cells in the visual cortex. A partial transfer (26%) also occurs from clockwise to counterclockwise rotation. When tested interocularly, the directional transfer is more pronounced (47%) and equals the interocular transfer under equidirectional conditions, suggesting that the directional transfer (cw versus ccw) might derive from non-directional cortical units. Whereas the initial contraction may be attributable to backward masking, the observed elongation likely reflects a cumulative buildup of after-discharge in cortical neurons over time.
Introduction
When we circle a flashlight in the dark, we not only see the moving light, but a bright streak following it. This is an effect of visual persistence. The fact that the sensation elicited by a moving stimulus lasts longer than its physical duration goes back well into the past. Newton (1717) , in the second edition of his Opticks (p. 322), wrote: ''. . .when a Coal of Fire moved nimbly in the circumference of a Circle, makes the whole circumference appear like a Circle of Fire: Is it not because Motions excited in the Bottom of the Eye by the Rays of Light are of a lasting nature, and continue till the Coal of Fire in going round returns to its former place?'' (quoted after Wade, 1995) . By whirling a glowing ember in the dark, Segner (1740) similarly investigated visual persistence. DÕArcy (1765) also used live coal and by measuring the velocity required to complete a visible circle of light, he calculated the duration of visual persistence to be about 130 ms (quoted after Wade, 1995) .
More than 100 years later, Charpentier (1888) reported that a small moving light was followed by a ''tail'' and explained it by diffusion of excitation. This tail exhibited a narrow dark band, CharpentierÕs bande noire. Shortly thereafter Bidwell (1894 Bidwell ( , 1899 ) described a series of recurrent positive and negative afterimages following a stationary bright flash. In 1904 In -1905 McDougall published a study on the sensations elicited by a 30°white rotating sector. When the sector was rotated at 1 rps, he observed an increase in width to 50°, then to 90°at 2 rps, and to full circle at 3 rps. Corresponding persistencies thus increased exponentially from 56, to 83, and 306 ms with speed of rotation. Following the stimulus was a series of wide bright bands of diminishing brightness separated by narrow dark bands (McDougall, Figs. 5 and 6) . These he attributed to BidwellÕs (1894) recurrent images drawn out in space. At even higher speeds, there was only a ''confused impression of a radially streaked gray ring''.
Fr€ o ohlich (1923) used a linearly moving slit travelling at a speed of 14.9°/s and described it as a broad band of light with a dim leading edge, followed by a bright center and a dim trailing edge. He also observed that the perceived duration of the band of light increased with decreasing luminance of the stimulus from 50 to 150 ms and that it increased with dark adaptation of the eye.
In a subsequent publication (1929) , he attributed the trailing edge to the gradual build-up of excitation in the most recently stimulated retinal elements, the bright center to the maximum excitation in the elements stimulated before, and the leading edge to the decay of excitation in the elements stimulated first. In his study, he found an even greater increase in duration with decreasing stimulus luminance from 36 to 210 ms.
Monj e e (1934) expanded on Fr€ o ohlichÕs studies by viewing a 1 mm slit (3.4 arcmin) moving linearly with a speed of 3-6°/s at a retinal eccentricity of 4-8°. He reported that the apparent length of the slit (when converted to duration of sensation) increased from 21 to 83 ms with decreasing intensity. Pi e eron (1935) using a rotating slit at a speed chosen to produce a perceptually closed ring arrived at persistence times of 150-180 ms. He was the first to report that a moving slit is perceived as shorter than its real length at the beginning of the presentation and ascribed the perceived shrinkage to metacontrast. Apparent length changes were further studied by Brown (1937, unpublished) and Ansbacher (1938 Ansbacher ( , 1944 who reported that in some observers a thin circular arc rotating at 1.3 rps appeared to shrink by 79% of its actual length, independently of exposure duration. He attributed the apparent shrinkage to ''telescoping'' (i.e. uniform shrinkage). However, Marshall and Stanley (1964) who repeated the experiment arrived at much smaller shrinkages of up to 15%. Anstis, St€ u urzel, and Spillmann (1999) using a rotating stimulus of five narrow sectors at 1.25-2 rps obtained shrinkages between 20% and 25%, whereby the shrinkage derived from the rear and the leading part. Table 1 summarizes the results for apparent elongation and shrinkage from the literature including results from this study.
Aim of study
This study is the first attempt to systematically investigate the dynamic length changes observed with a rotating arc and relate them to the possibly underlying neuronal mechanisms. In order of presentation, we describe (i) apparent contraction and elongation as a function of exposure duration, (ii) the contribution of various stimulus sections to the dynamic length changes, (iii) the subsequent decay and facilitation (''priming'') with repeated exposures, (iv) interocular transfer of visual persistence, and finally (v) directional transfer.
Apparatus and method
Stimuli typically were thin (0.57°visual angle) white arcs, varying in circular length from 9-72°. Arcs were pasted on a black cardboard disk subtending 9.5°in visual angle and rotated at 2.5 rps. Clockwise rotation was used throughout, except for Experiment 5, where counterclockwise direction was also used. A servomotor (Kollmorgen, model 00-00907-002) and a custom-built speed control were used for stimulus presentation. The rotating disk was illuminated by a Leitz Prado Universal slide projector through a circular aperture in the image plane. Luminance (L) was 110 cd/m 2 for the white arc and 9.5 cd/m 2 for the black background (measured with a Minolta LS-100 luminance meter), Observers were seated 1.45 m from the rotating disk using a chin-forehead rest to steady the head. At this distance the white arc had a retinal eccentricity of 3.5°from the fovea. Prior to each session, observers adjusted the voltage of the second projector to match the brightness of the second disk to that of the first. Highly stabilized voltage and direct current were used throughout. Attempts to also display our experimental patterns on the 21 in. monitor of a personal computer suffered from visual artifacts associated with frame rate (120 Hz), resolution (1024 Â 512 pixels), and afterglow (p46 phosphor).
A four-channel electronic timer (Scientific Prototype, New York) served to control two electronic shutters (Hugo Sachs, Hugstetten, Germany) positioned in the focal plane of each projector. By opening and closing these shutters in counterphase, the rotating arc was presented for variable exposure durations (18 ms to 30 s) followed by a constant interstimulus interval of 30 s during which only the empty black disk was visible. In preliminary tests, this interval had been found to prevent carry-over effects from the preceding adaptation to the rotating arc.
Exposure durations were calibrated by a photo-diode connected to a storage oscilloscope (Hameg, , while speed of rotation was set by an adjustable strobe light (Grass PS22 Photostimulator). Prior to the actual experiment, observers practiced their fixation by keeping a flash-induced foveal afterimage on the center of the rotating disk.
Subjects viewed the rotating arc, using their dominant eye. They kept their gaze fixed in the middle of the disk, while directing their attention towards the arc. Immediately after stimulus offset, they matched the apparent length of the arc using a hand-held adjustable disk (episcotister) of identical size. From an angular scale on the back of this disk, the experimenter read off the adjusted angular length in degrees. Importantly, in the actual experiments observers saw the white arc only in rotation and thus were never aware of its actual length. Furthermore, since there was little difference between the perception of the arc in clockwise and counterclockwise direction, clockwise rotation was arbitrarily chosen as the standard condition. Individual sessions lasted about 30 min. There was no systematic difference between values obtained at the beginning and end of the session.
Arc length was randomized throughout the experiment and differently for each observer. No feedback of any kind was given.
Observers
A total of five subjects, aged 22-60 years, participated in the experiment. All were psychophysically experienced observers, but naive to the purpose of the experiment, and had normal or corrected-to-normal vision.
Results

Pilot study: Speed of rotation
First, we determined in two observers the speed of rotation at which the apparent length changes could best be observed, using an arc length of 54°. Of three speeds chosen (2.0, 2.5 and 3.0 rps) and tested at various exposure durations (50 ms to 15 s), a speed of 2.5 rps (corresponding to 900°/s) was found to yield both optimal apparent contraction and elongation. This speed was then used throughout the experiments. No motion aftereffect was reported for any of these speeds.
In a control experiment with three observers, we presented each arc also when it was stationary and had observers match their apparent lengths. Matches occasionally overestimated actual arc length by 1-2°, but never underestimated it.
Experiment 1: Exposure duration
First we asked: How does apparent length of the rotating arc change with exposure duration and arc length?
Method
Apparent arc length was determined for 5 arc lengths (9°, 18°, 36°, 54°, and 72°) and 17 exposure durations (18 ms to 30 s). Each arc was presented at each exposure duration 10 times in a random sequence. Three observers participated.
Results
Fig. 1(a) shows matched arc length plotted as a function of exposure duration for five arc lengths tested. The general shape of the curves for the five arcs was similar, however, whereas short arcs of 9°and 18°ex-panded monotonically with increasing exposure duration, longer arcs (36-72°) first underwent an apparent shrinkage, before they also expanded. Matched arc length for these latter curves increased first rapidly, then more gradually, until they approached an asymptote and flattened out after about 15 s. A two-way ANOVA, also used in subsequent experiments, showed that exposure duration (p < 0:0001, df ¼ 16) and actual arc length had a highly significant effect on matched arc length (p < 0:0011, df ¼ 4). In addition there was a highly significant interaction between these two variables. Fig. 1(b) illustrates the same data for the first second on an expanded scale. Initial contraction for long arcs is observed at exposure durations ranging from 18 to 30 ms. It is followed by a broad and very conspicuous ''hump'' signaling apparent elongation which in turn is accompanied by a second, much reduced contraction between 175 and 500 ms. A similar hump followed by a relative decrease in perceived length is also present for the 9°and 18°arcs, however, these curves do not fall below actual arc length (i.e. no apparent contraction).
The main features of the curves agree well for the individual observers. On average, initial contraction for the long arcs ranged from 14% to 17% of actual length. Mean values for total perceived length (after 30 s of exposure) were 70°, 92°, 154°, 170°, and 225°, respectively, for arcs of 9°, 18°, 36°, 54°, and 72°. Visual persistence calculated from these elongations increased correspondingly from 68 ms for the shortest arc to 170 ms for the longest arc.
Comparable results were obtained with contrast reversal when a 54°black rotating arc was presented on a white disk.
Discussion
The main findings of this experiment are: (i) apparent shrinkage of the long arcs observed between 18 and 30 ms followed by a substantial elongation (hump) and a less pronounced shrinkage between 175 and 500 ms; and (ii) apparent elongation increasing with exposure duration and levelling off gradually. While we tentatively attribute apparent elongation to a time-dependent buildup of the neuronal after-discharge produced by the ongoing stimulation (i.e. visual persistence), backward masking seems the most appropriate explanation for the shrinkage of the longer arcs.
We supported this hypothesis by conducting an additional experiment, whereby two adjacent stationary stimuli were presented successively. This stimulus sequence is similar to the one used by Kahneman (1976) and aims at approximating the conditions under which apparent motion can be seen at short exposure durations. We attempted to simulate the rotating movement and thereby the dynamic interaction between the front and rear sections of a 72°arc by presenting two identical arcs, each 36°in length, next to each other on the circular track of the rotating arc. The first stationary segment was exposed for 20-200 ms, the second for 20 ms. Under all conditions, we observed the entire first segment to become completely invisible.
We suggest that backward masking of the first segment by the second may also occur under dynamic conditions and thereby cause apparent contraction of the rotating arc. However, we have no plausible explanation for the hump inbetween, especially as it occurs in both, the short and the long arcs.
Experiment 2: Locus of apparent contraction and elongation
Next, we examined which parts of the rotating arc contribute to the perceived length changes.
Method
We used bi-and tripartite arcs of 72°composed of isoluminant green (G) and red (R) sections instead of a white arc (L ¼ 40 cd/m 2 , C ¼ 0:47). Three G/R ratios (18°/54°, 36°/36°, and 54°/18°) were presented in a random order with exposure durations varying from 18 ms to 30 s. In a further experiment, a tripartite arc (R/G/R) was used, with each section being 24°in length. Since the aim of this experiment was to localize the section within the arc which contributes the most to the apparent contraction, we only measured apparent arc length at exposure durations of up to 1 s.
The observerÕs task was to simultaneously match the apparent lengths of the colored sections using a handheld adjustable disk, composed of two or three colors, respectively. Two observers participated in these experiments. Each condition was repeated 10 times in a random order. Fig. 2(a) plots the matched lengths of the leading and trailing sections for the 36°/36°ratio as a function of exposure duration. Fig. 2(b) illustrates the data for the initial second on an expanded scale.
Results
The upper curve in each graph represents the perceived length of the trailing section, while the lower curve describes the length of the leading section. Whereas the leading section becomes progressively shorter with increasing exposure duration ( Fig. 2(a) ), the trailing section of the arc expands from the beginning (Fig. 2(a) and (b) ). The difference between the matched lengths for G and R is highly significant ( p < 0:0001, df ¼ 11). After 30 s, the leading section of the arc is reduced to less than one half of its actual length, whereas the trailing section has more than quadrupled in length.
A similar effect was obtained, when the sequence of the two colors was reversed (not shown). Comparable results were also obtained with arcs ratios of 54°/18°and 18°/54°. They show that a section of the same length and color (18°) behaved completely opposite, depending on whether it was leading or trailing: When in back, its apparent length quickly increased exceeding that of the leading section (54°) after only 5 s; when up front, it gradually contracted becoming almost invisible after 20 s.
The results obtained with the tripartite arc define the locus of apparent contraction more closely. Fig. 2(c) shows already for the first second of exposure that it was mainly the middle (G) section of the arc that shrunk, while the apparent length of the leading (R) section remained almost unchanged and the trailing (R) section expanded and nearly doubled in length.
Discussion
If both parts of the rotating arc contributed equally to the apparent contraction and elongation, the apparent length ratio between the leading and the trailing section should remain the same at all exposure durations. However, this was not the case. Clearly, it is the trailing section of the rotating arc, that caused the apparent elongation of the arc (Fig. 2(a) ), while the middle part appeared to simultaneously contract (Fig. 2(c) ).
Experiment 3: Decay and re-adaptation
Here we asked, how long does it take for the perception of an elongated arc to decay to its actual length? Furthermore, to what extent does previous exposure to the rotating arc facilitate apparent elongation if the same stimulus is presented a second or third time?
Method
Decay: A standard white arc of 54°length was presented. Observers first adapted to the rotating arc for 15 s. Immediately thereafter, a blank interval of variable duration (500 ms to 10 s) was interspersed, during which the observer saw only the empty, black disk before the rotating arc was briefly presented again for a period of 150 ms. This exposure duration was chosen to obtain a decay curve largely unaffected by the initial contraction. The task for the observer was to match the apparent length of the rotating arc as seen during that brief presentation. In this way, we determined the time required for apparent arc length to decay to the base level of 54°(Decay 1).
Re-adaptation: Following their individual decay times, observers adapted a second time (Re-adaptation 1) to the rotating arc for each of six durations. From this curve we determined the point in time at which the matched arc length equalled the apparent length previously obtained after 15 s. Thereafter, a second decay curve was measured again in the same way as before (Decay 2). Finally, the rotating arc was presented a third time (Re-adaptation 2). Three observers participated. Each measurement was repeated 10 times. Each section within the sequence was established under the assumption that the preceding stages had remained unchanged. Fig. 3 shows representative results for one observer. After 15 s of initial adaptation to the rotating disk (first rising branch of curve), matched arc length decreased rapidly (Decay 1) to reach the actual length of the arc within 5 s. The average time for three observers was 6 s (SE ¼ 2:0 s).
Results
Upon re-exposure to the arc (Re-adaptation 1), matched length rose more steeply than the first time and reached the pre-decay length after only 5 s. This is three times faster than without preceding adaptation (average for three observers ¼ 5 s; SE ¼ 0:8).
Following re-adaptation, the subsequent decay (Decay 2) lasted longer than the first time (Decay 1), reaching actual arc length after only 10 s. However, when the eye was then re-exposed again (Re-adaptation 2), the rotating arc appeared to expand almost as fast as before (Re-adaptation 1), reaching the previous maximum value after 6 s. The difference between each of the two re-adaption curves and the curve for initial adaptation is highly significant (p < 0:0001, df ¼ 5).
Discussion
Following 15 s of initial adaptation, the perceived length of the rotating arc decayed to the 54°baseline after 5 s (Decay 1), suggesting that the adaptation processes had subsided. Therefore, re-adapting to the same rotating stimulus (Re-adaptation 1) would be expected to yield a curve of identical shape. However, contrary to this prediction, re-adaptation to the previous peak value took only one third of the original time. The faster time course indicates that a strong residual effect remained facilitating apparent elongation. We call this effect priming. The idea of such a short-term buffer is supported by the finding that the second decay curve (Decay 2) was slower by a factor 2, suggesting a Fig. 3 . Matched length of a white rotating arc of 54°plotted as a function of exposure duration. Initial adaptation for 15 s was followed by an immediate measurement of the decay (1) to the baseline. This period in turn was followed by re-adaptation (1) to the rotating disk and subsequent measurement of decay (2). Finally, there was another re-adaptation (2). Each data point is the average of a total of 10 matches by one observer. Error bars equal AE1 SD.
cumulative build-up of the effect with consecutive stimulus exposure. Thereafter adaptation time remained almost constant (Re-adaptation 2).
Experiment 4: Interocular transfer
What may be the site of origin of the observed length changes within the visual system? One way to find out is to check for transfer of apparent elongation from one eye to the other.
Method
The half-silvered mirror was removed from the optical path to allow for consecutive observation of a 54°r otating arc first by one eye, then by the other. An electronic shutter with a movable flag in the line of sight was used to successively expose the two eyes. Observers first viewed the rotating disk with one eye for 9 s, while the other eye was occluded by the shutter flag. When the flag changed over to the first eye, the arc was presented to the unadapted, second eye for exposure durations ranging from 500 ms to 6 s. Apparent length of the arc was matched 10 times for each duration. Again, three observers participated in the experiment. Fig. 4 shows matched arc length as a function of exposure duration when the two eyes were stimulated in succession. Interocular transfer may be determined by comparing the performance of the second eye relative to the first. In case of independence, the two curves should resemble each other. However, they are quite different. Comparison of the curve for the second eye (right) with that for the first eye (dashed line on lower right) demonstrates an interocular transfer of 46% within the first half second of exposure, with an increase of the curve to the previous peak value after 3 s. Statistical analysis shows that the difference between the two curves is highly significant (p < 0:0001, df ¼ 5).
Results
We also performed an experiment, in which we presented the rotating stimulus to both eyes alternately. Observers first viewed the rotating arc for 15 s with one eye, thereafter the arc was presented to the other eye for a fixed duration equal to the personal decay time (obtained in Experiment 3). Immediately thereafter, the first eye was re-exposed to the rotating arc for different durations (500 ms to 5 s). In the absence of interocular transfer the apparent elongation of the arc should be unaffected by the contralateral stimulation and follow the re-adaptation curve in Experiment 3 closely. On the other hand, if there was interocular transfer, the resulting curve should start out higher and be steeper than without contralateral stimulation. Indeed, we found that after presenting the arc to the first eye and then to the second, there was a slightly stronger priming effect (52%) upon re-adaptation of the first eye, i.e. the apparent elongation was more pronounced than in Experiment 3, and reached the adaptation level after only 2 s as compared to 3 s (not shown). This observation is consistent with our finding of a partial interocular transfer.
Discussion
Results suggest that monocular and binocular units may equally contribute to the apparent elongation. An incomplete transfer with dichoptic stimulation is not uncommon (for an overview see Raymond, 1993) ; for example, it was also found in different studies for the tilt after-effect (Paradiso, Shimojo, & Nakayama, 1989 ) and the motion after-effect (Mitchell, Reardon, & Muir, 1975) . To judge from our stimulus, candidates for the partial binocular transfer may be MT/MST neurons, which are known to respond to stimulus rotation . However, the following experiment casts doubt on this assumption.
Experiment 5: Directionality
In this final experiment, we asked whether the effect of apparent elongation was tied to the direction of adaptation. In other words, would the apparent elongation of the arc transfer from clockwise to counterclockwise rotation.
Method
Observers adapted again to a 54°arc, rotating clockwise for a duration of 9 s. Immediately thereafter, an identical arc was presented via the half-silvered mirror on the second disk, rotating at the same speed, but in the opposite (counterclockwise) direction. Eight exposure durations for the second arc were used ranging from 500 ms to 6 s and were randomly presented, 10 times each. Three observers took part in the experiment.
Results
Fig . 5 shows matched arc length plotted as a function of exposure duration when both directions of rotation were shown in succession. If the elongation of the arc was independent of direction, the curve for counterclockwise rotation (right) should be similar to that for clockwise rotation (left). The data show that this is not the case. When the direction of rotation was reversed, matched arc length decreased only briefly and then increased rapidly to approach pre-reversal length within 3 s. After a 500 ms exposure the directional transfer yielded 26%. The overall difference is shown by comparison to the first curve (dashed line on lower right); it is highly significant (p < 0:0001, df ¼ 7).
Discussion
There is a substantial directional transfer when adapting to one direction of rotation and then testing with the opposite direction. After the reversal apparent arc length briefly contracted, before it rapidly expanded. However, the curve rose much faster than for clockwise direction and reached the pre-reversal level at a much shorter time. This facilitation is surprising since motion sensitive neurons in areas MT and MST are known to be strictly directional (Albright, Desimone, & Gross, 1984; . Therefore, our results may imply binocular motion neurons that are not strongly directional.
In order to test this hypothesis we performed an additional experiment in which we presented the adapting stimulus to the first eye in clockwise direction for 9 s and immediately thereafter to the second eye in counterclockwise direction for variable exposure durations. If non-directional neurons were involved in mediating the effect, the directional transfer should have the same size as that found in Experiment 4. Indeed, we found a directional transfer of 47%. This is much higher than the directional transfer found under monocular conditions (Experiment 5), but it is equal to the interocular transfer obtained with equidirectional stimulus presentation (Experiment 4).
This result then supports the hypothesis that the perceived elongation may result from response of neurons that are binocular, but not direction-specific.
Qualitative observations
Luminance
In a cursory experiment, we found that variation of the stimulus contrast (C ¼ 0:13-0:51) hardly affected the apparent length of the rotating arc. However, with decreasing luminance of the arc (from 100 to 0.1 cd/m 2 ) on a black background, apparent length increased. This finding suggests that apparent elongation involves neurons whose response rapidly saturates with contrast, but increases with decreasing luminance.
Angular versus linear velocity
We also found that when three concentric arcs of different eccentricity, but identical angular lengths were presented simultaneously, their relative elongation was the same. This result suggests that it is the angular, not the linear velocity of the arc that determines perceived elongation in rotary movement.
Eccentricity
Finally we asked, whether apparent elongation is confined to the track of rotation, i.e. would apparent elongation persist, if the rotating arc were abruptly displaced inward or outward along the radius. To this extent, observers during fixation first adapted to a 54°a rc rotating at an eccentricity of 4°for 10 s. Immediately thereafter an arc of the same angular length, but a 1°r adius, was presented on the second disk via the halfsilvered mirror, and vice-versa. We found that apparent elongation on the subsequently presented arc was largely unchanged. This spatial spill-over suggests that it is not a local afterimage on the retina that is responsible for the apparent length changes. In comparison, when we executed a large saccade (e.g. 10°), the elongated arc shrank immediately to its true value. 
General discussion
We systematically studied apparent length changes for rotary movement using white concentric arcs on a black disk. Assuming that a moving stimulus is perceived veridically, one would expect that matched arc length at any time equals actual arc length. However, this is not what we observed. Instead, we found that the presented stimuli underwent brief initial contraction followed by a progressive elongation, asymptoting at about 15 s. Following adaptation, decay to the baseline took about 6 s with a subsequent priming effect upon re-adaptation.
Such observations may reflect the space-time signature of the underlying motion mechanisms in the human visual system and allow comparison with known properties of motion detectors in the monkey.
Shrinkage
In agreement with earlier studies (Ansbacher, 1944; Marshall & Stanley, 1964; Anstis et al., 1999) , we found that at brief exposure durations, a rotating stimulus is perceived as shorter than it actually is. In our experiment, however, apparent contraction only appeared at exposure durations between 18 and 50 ms, while the second period was less defined. What may be the explanation for this time dependency? Stimulus-onsetasynchronies for optimal backward masking are reported to range from 20 to 60 ms (Breitmeyer, 1984) and 50 to 100 ms (Kirschfeld & Kammer, 1999) . Kirschfeld and Kammer attributed the apparent shortening of a fast moving stimulus to an interaction between metacontrast and visual attention. This proposition predicts shrinkage of the rear section of the stimulus. However, this prediction is not consistent with our observation that it is the middle part of the arc that suffered from apparent shrinkage (Fig. 2(c) ), while the trailing part underwent apparent elongation (Fig. 2(a) ). The same argument also holds for the mislocalization hypothesis by M€ u usseler and Aschersleben (1998), according to which a moving stimulus should appear shorter at the beginning because of a shift of attention towards the stimulus onset.
Following Kahneman (1967) , there is a close relationship between metacontrast suppression, apparent motion, and perception of motion. For example, if one presents two short, adjacent stimuli in succession, one can observe any of these three phenomena. In a control experiment, we demonstrated that when two stationary arcs of equal length and luminance were presented along the same track of rotation, one after the other, the first was completely invisible. Kahneman (1976) states that the suppression of the first stimulus by the second may be attributed to metacontrast in an apparent motion stimulus. We therefore suggest that backward masking may be a potential mechanism for the apparent shrinkage found in this study. At the neuronal level, masking may be based on lateral inhibition (Macknik, 1996 and personal communication) .
Elongation
Consistent with earlier studies (Charpentier, 1888; McDougall, 1904 McDougall, -1905 Fr€ o ohlich, 1929 ; Monj e e, 1934), we found that with prolonged viewing, a fast rotating arc was perceived up to three times its actual length. A possible explanation may lie in a time-dependent neuronal after-discharge in cortical cells which would elicit perception of a moving stimulus in a given location, although physically it is no longer there (i.e. apparent elongation). Our psychophysical findings suggest that the duration of the after-discharge depends on stimulus duration (Experiment 1) and that it is predominantly the rear section (Experiment 2) that is responsible for the perceived elongation. This aspect agrees well with neurophysiological findings from single-cell recordings of the monkey by Macknik and Livingstone (1998) , who found a substantial after-discharge resulting from the neuronal response to the stimulus offset. Such an afterdischarge might build-up with increasing exposure duration and render the trailing part of the rotating arc longer with time.
Priming
Experiment 3 showed that following adaptation to the rotating arc and the subsequent decay to the baseline, re-adaptation to the previous adaptation level takes merely one third of the preceding time. This result suggests that the adaptation process may not have recovered completely and that there was some sort of residual effect, speeding up apparent elongation. Moreover, we found that with repeated adaptation the decay time became longer, while adaptation time remained constant.
This behavior is reminiscent of the adaptation/decay sequence reported by Magnussen and Johnsen (1986) for the Gibsonian tilt effect (Gibson & Radner, 1937) . In their model these authors assume a fast and a slow stage serially connected. The fast stage could account for priming, whereas the slow stage might explain the increasing decay duration. Although the stimuli and procedure were different in the two experiments, the curves for the initial adaptation, subsequent decay and following stages are qualitatively similar to the curves obtained in our own experiment (Fig. 3) .
Hypothetical neuronal properties
Throughout the older literature, visual persistence elicited by a moving stimulus was assumed to be of retinal origin. It was not before the advent of single-cell recording that Jung (1961) attributed the flight of positive and negative afterimages (Bidwell, 1894) to the reciprocal discharge of the brightness and darknesssystems (On-and Off-systems) in the visual cortex. The partial transfer of apparent elongation from one eye to the other (Experiment 4) suggests that the perceived elongation originates, in part, in binocular cortical neurons. This assumption is supported by the spatial spill-over discouraging an explanation by a local retinal mechanism (Experiment 6.3).
Although it is suggestive that our findings should refer to rotation-specific neurons in visual areas MT and MST Tanaka, Fukada, & Saito, 1989) , the directional transfer in Experiment 5 casts doubt on such an explanation. Whereas MT and MST neurons are strictly selective for opponent directions (Sakata, Shibutani, Ito, & Tsurugai, 1986; , our results point towards a neuronal mechanism without directional specificity.
Since these results are contradictory to expectation, neurophysiologists recording from single-cells in monkey cortex may want to test these ideas using the same kind of stimulus. Such neurons should therefore exhibit a gradual build-up of after-discharge with increasing stimulus length and rotation duration and should show priming following the decay to base level. Neurons would also be expected to be largely binocular, but direction unspecific. The observations reported here, of course, have merit on their own by showing which parameters are responsible for the apparent length of a circling stimulus which is far from veridical.
